Locally manufactured ceramic water filters are one effective household drinking water treatment technology. During manufacturing, silver nanoparticles or silver nitrate are applied to prevent microbiological growth within the filter and increase bacterial removal efficacy. Currently, there is no recommendation for manufacturers to test silver concentrations of application solutions or filtered water. We identified six commercially available silver test strips, kits, and meters, and evaluated them by: (1) measuring in quintuplicate six samples from 100 to 1,000 mg/L (application range) and six samples from 0.0 to 1.0 mg/L (effluent range) of silver nanoparticles and silver nitrate to determine accuracy and precision; (2) conducting volunteer testing to assess ease-of-use; and (3) comparing costs. We found no method accurately detected silver nanoparticles, and accuracy ranged from 4 to 91% measurement error for silver nitrate samples. Most methods were precise, but only one method could test both application and effluent concentration ranges of silver nitrate.
INTRODUCTION
More than 663 million people worldwide do not have access to an improved water source and an estimated 1.2 billion more use drinking water at elevated risk of contamination at the source, or during collection, transport, and storage (Onda et al.  ; WHO/UNICEF ). In 2010 alone, an estimated 801,000 children died from preventable and treatable diarrheal diseases, partly caused by drinking water contaminated with bacteria, viruses, and/or protozoa (UNICEF ). Where piped, treated water is unavailable or unreliable, a number of household water treatment (HWT) technologies, such as disinfection products and household filters, are promoted to reduce this disease burden.
Locally manufactured ceramic water filters (CWFs) are a promising HWT technology (Sobsey et al. ) . CWFs are comprised of an approximately 10 liter (L) capacity filter that rests on its rim in a lidded receptacle (CMWG ). Water is poured into the filter and flows via gravity silver nanoparticles and silver nitrate; the latter because it is less expensive and locally available. A standard amount of silver nanoparticles is recommended for use in ceramic filter manufacturing (CMWG ; Rayner et al. b) . Although the addition of both silver nitrate and silver nanoparticles improves microbiological performance of filters, silver is released at a faster rate from silver nitrate-treated filters, so filtered water is more likely to exceed silver guideline values and it may not provide a long-term benefit (Rayner et al. b; Mittelman et al. ) .
Currently, filter factories do not test the silver concentration of either the application solution or the filtered effluent (Rayner et al. b) , and testing guidelines, along with recommended test methods, have not been developed (CMWG ) . In order to develop recommendations to test silver concentrations at ceramic filter factories, we investigated the accuracy, precision, ease-of-use, and cost of commercially available portable methods to measure application and effluent silver concentrations of both nanoparticles and silver nitrate.
METHODS

Testing location
The testing was conducted in the Environmental Sustain- Both silver stocks were diluted in MilliQ (MQ) water (Millipore, Darmstadt, Germany) to create six solutions in each of two concentration ranges: (1) application concentrations ranging from ∼100 to 1,000 mg/L; and (2) effluent concentrations ranging from ∼0.005 to 1.0 mg/L silver. Solutions were mixed in opaque Nalgene high density polyethelyne (HDPE) containers, and prepared daily to minimize nanoparticle aggregation and sorption to plastic. The test solutions were pH 7.
Concentration verification
For silver nitrate solutions in the effluent concentration range, graphic furnace-atomic absorption spectroscopy (GF-AAS) (ThermoScientific, Waltham, MA) was used as the reference method. The detection limit of the GF-AAS method for Ag þ was determined to be 0.8 μg/L (Hubaux & Vos ) . For silver nitrate solutions in the application concentration range, inductively coupled plasma optical emission spectrometry (ICP-OES) (7300 DV, Perkin-Elmer, Waltham, MA) in axial view mode was used as the reference method. ICP-OES samples were introduced through a crossflow nebulizer at 0.5 mL/min and silver concentrations were determined at 328.068 nm. The detection limit for the ICP-OES was 0.1 mg/L. Samples exceeding the instruments' detection ranges were diluted with MQ water before testing, but were otherwise unmodified.
For all silver nanoparticle solutions, concentrations were verified by first filtering solutions through 3 kDa centrifugal filters (Amicon 3k, Millipore, Billerica, MA) to separate silver nanoparticles from ionic silver, and then using GF-AAS or ICP-OES as described above to determine the aqueous silver concentrations. The silver nanoparticle concentration was taken as the difference between total silver and silver ion concentration (i.e. nAg ¼ total Ag-Ag þ ).
Laboratory testing
All test methods were used according to the manufacturers'
instructions to test all stated silver concentrations and silver types in quintuplicate, even if concentrations were outside manufacturer-reported detection ranges. All testing was completed within 24 h of silver solution preparation.
Individual test methods are described below.
Waterworks test strips (0.0-1.0 mg/L) were dipped in 250 mL of sample solution for 5 seconds, removed, and shaken once to remove excess solution. After 10 seconds the color was compared to the chart on the bottle, from yellow (0 mg/L) to orange (1 mg/L).
A droplet of solution was applied with a plastic eyedropper to the Machery-Nagel presence/absence test strip (lower detection limit 20 mg/L) and allowed to dry. If the paper turned red or developed a ring around the drop location, silver was recorded as present (20 mg/L). Otherwise, silver was recorded as absent.
Quantofix test strips (range 0-10,000 mg/L) were dipped in 10 mL of sample solution for 1 second, shaken to remove excess solution, then after 15 seconds compared to the color chart on the bottle ranging from yellow (0.0 mg/L) to dark brown (10,000 mg/L).
For the Hach test kit (range 0.0-0.05 mg/L), 100 mL of sample was mixed with a reagent package, added to a syringe, and pushed through a filter. The filter was removed from the syringe and the resultant color was compared to the chart provided, ranging from no color (white) (0.0 mg/L), to pink (0.005 mg/L), to blue (0.050 mg/L).
The electrode (range 0.11-107,900 mg/L) was calibrated before each test using fresh calibration standards for a fivepoint calibration at 0.1, 1, 10, 100, and 1,000 mg/L. Before testing samples with the electrode, 1 mL of ionic strength adjusting solution was added per 50 mL sample to increase the total ionic strength to above 10 mM and thus remove background noise. The electrode was gently swirled in 50 mL of sample solution, and results were recorded from the digital readout in mg/L upon stabilization of the reading (within 30 seconds).
For the photometer (range 0.0-1.0 mg/L), two 50 mL samples of solution were used to create a 'blank' and 'sample' by adding different proprietary reagents to each.
Thus, the meter is not calibrated with a standard curve, but the sample concentration is determined by comparing the two solutions. After setting the blank solution, the sample was inserted into the meter, read, and the reading on the digital screen was recorded in mg/L.
Data analysis
Data were analyzed in Microsoft Excel 2010 with the Analy- the Hach test kit turned black rather than pink or blue.
The electrode measured near zero, and samples were darker than the photometer's maximum detection limit.
Since methods were unable to measure nanoparticles, nanoparticle results have been excluded from further analysis.
Accuracy
We found test methods had non-detectable or inaccurate data outside manufacturer-recommended ranges (Table 1) .
Application concentration measurements were all at the maximum reading with the Waterworks test strip; samples were unable to be filtered with the Hach test kit above the manufacturer range of 0-0.05 mg/L; and the photometer was at its maximum or produced an error for solutions above 1 mg/L, which were too dark to read. Thus, only data within manufacturer recommended ranges is presented herein. The remaining data includes results from two methods (including one presence/absence method) at application concentrations (100-1,000 mg/L), and four methods at effluent concentrations (0-1 mg/L) ( Figure 1) . The electrode was the only quantitative method with a detection range encompassing both concentration ranges. Additionally, two methods (the Waterworks test strip and the photometer) were found to have higher experimental detection limits than the manufacturer-reported detection ranges.
For application concentrations (100-1,000 mg/L), the electrode had a composite measurement error of 12%
(range 4-26%) with Spearman's ρ ¼ 1.0 (p < 0.001) ( Figure 1(e) ). The presence/absence Machery-Nagel test strips, with a lower detection limit of 20 mg/L silver, detected silver in every sample in this range. Both the electrode and Machery-Nagel test strips accurately detected silver in the application concentration range, but the electrode was the only quantitative method.
For effluent concentrations (0-1.0 mg/L), the Waterworks test strip had a composite measurement error of 27% (range 26-29%) for concentrations over 0.2 mg/L (found to be the method's lower detection limit, although the manufacturer's reported range goes to 0.0 mg/L), with Spearman's ρ ¼ 0.764 (p ¼ 0.027) (Figure 1(a) ). The Hach test kit had composite measurement error of 31% (range 5-50%) for concentrations of 0-0.05 mg/L only with Spearman's ρ ¼ 0.932 (p < 0.001) (Figure 1(b) ). The electrode had (p < 0.001) (Figure 1(c) 
Precision
Precision was generally good among the test methods 
Usabilityvolunteer testing
Eleven Tufts University undergraduate and graduate students participated in volunteer testing ( 
DISCUSSION
We compared six commercially available portable silver test methodsincluding three test strips, a test kit, a portable electrode, and a portable photometerin terms of accuracy, precision, ease-of-use, and cost. None of the methods were able to accurately measure silver nanoparticle concentrations, and only the electrode was appropriate according to study metrics for testing both application and effluent concentration ranges of silver nitrate relevant to ceramic filter factories. Accuracy in the laboratory ranged from 5 to 91% measurement error, with two methods found to have lower detection limits greater than manufacturerreported limits, and the electrode being the most accurate quantitative method across both concentration ranges.
Four of six test methods, including the electrode, were
found to be precise with standard errors below 12 mg/L in the application concentration range and 0.01 mg/L in the effluent concentration range. 
